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Abstract Intercellular transport in C4 plant, including
maize, is particularly important due to the necessity of
efficient exchange of photoassimilates between different
types of cells, where specific stages of C4 photosynthesis
occur. The transport on the trail: mesophyll—bundle
sheath—vascular parenchyma occurs by symplast, through
plasmodesmata. The next stage, phloem loading (the
transport of photosynthetic products to the companion cell/
sieve element complex) belongs to the apoplasmic type,
without the participation of plasmodesmata. This work
concerns verification of the hypothesis about the impact of
low temperature on changes in expression of genes, strictly
related to phloem loading process as well as intercellular
(symplasmic) transport. For that purpose, in situ
hybridization assay for several mRNAs and the determi-
nation of changes in the expression level of these tran-
scripts using RT-qPCR technique were conducted.
Transcripts related to phloem loading, e.g., sucrose trans-
porters, interactor of proton pump, aquaporins and plas-
modesmata-associated genes, coding: TMV-MP30 binding
protein and, remorins were selected. Studies were per-
formed on two lines of maize differing in chilling-sensi-
tivity level. Plants were treated with low temperature (day/
night): 14/12 and 8/6 C in two periods: 4 and 28 h. Cold-
treatment resulted in a diverse response of tested maize
plants, mainly changes in the gene expression under
exposition at shock temperature level (6–8 C) and after
prolonged chilling-treatment (28 h). The localization of
sucrose transporter and aquaporin transcripts in the thick-
walled sieve tubes indicates the potential role of these cells
in the phloem loading process. The pronounced changes in
expression of plasmodesmata-related transcripts indicate
their evident participation in response to cold stress.
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PPI1 Proton pomp interactor
SUT Sucrose transporter
TMV-MP30 Tobacco mosaic virus movement protein
Introduction
Maize, thermophilic plant originating in subtropical
regions, in moderate climate conditions as in Poland is
often exposed to cold temperatures, especially in the spring
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at the beginning of the growing season. It is assumed that
the minimum temperatures of the soil during germination
of maize seedlings should be above 8 C. In the next stage,
after the germination, temperature should be ca. 15 C, and
the optimum temperature for photosynthesis is about 30 C
(Bennett et al. 1982). The inhibition of maize growth and
development is observed at cold in the range of 10–15 C
(moderate chilling). In contrast, cold (2–8 C) cause irre-
versible changes which often leads to plant’s death.
Reactions of maize to cold conditions were studied
mainly in the aspect of the efficiency of photosynthesis,
damages of the photosynthetic apparatus (Miedema 1982;
Baker et al. 1983; Fryer et al. 1995; Savitch et al. 2011) and
antioxidant enzymes (Kingston-Smith and Foyer 2000).
The process of photosynthesis in maize belonging to C4
plants, is characterized by spatial distribution of the indi-
vidual stages—in the mesophyll cells the primary fixation
of CO2 occurs, while in bundle sheath cells decarboxyla-
tion of organic acids and restoration of acceptor molecules
takes place. This spatial distribution requires efficient
transport of photosynthetic metabolites between these cell
types to maintain appropriate performance of photosyn-
thesis. The movement of photosynthesis products on the
trail mesophyll—bundle sheath—vascular parenchyma
occurs through cytoplasmic channel of plasmodesmata
(Evert et al. 1996) and is called symplasmic transport. The
transport to the complex: companion cell/sieve tube, called
phloem loading, occurs by apoplasmic way with the par-
ticipation of sucrose transporters and proton pump. Argu-
ment for the involvement of these proteins in apoplasmic
phloem loading is their localization—for instance mRNA
of sucrose transporter 1 (SUT1), was predominantly found
within sieve tubes in tobacco, potato, and tomato in various
tissues (leaves, stems, petioles, roots) (Ku¨hn et al. 1997).
In addition, it was found that transport of water from
xylem to sieve tubes generating a high hydrostatic pressure
in the phloem may involve aquaporins (Sakurai et al. 2005,
2008). Aquaporins are localized in different tissues, cells
and structures (Robinson et al. 1996; Barkla et al. 1999;
Sakurai et al. 2008), mainly in areas closely associated with
intensive transport of water (more in review: Kjellbom
et al. 1999). Additionally, these proteins may be involved
in transport of gases and ions, and also in cell signaling or
responses to different stresses (Maurel 2007 and references
therein).
In C4 plants, low temperature causes inhibition of
assimilates translocation, including phloem loading
(Wardlaw and Bagnall 1981; Potvin et al. 1984, 1985). For
instance, in southern population of grass Echinochloa crus-
galli (L.), low night temperature reduced drastically
translocation of carbon and increased the turn-over times of
the photosynthetic poll (Potvin et al. 1984, 1985). Changes
in transport efficiency were associated with decrease of
photosynthesis and chlorosis of leaves in this species
(Potvin et al. 1985). Similarly, in Sorghum bicolor plants,
translocation of photosynthesis products is inhibited by
temperatures below 5 C (Wardlaw and Bagnall 1981).
In maize, as previously demonstrated in our group, the
intercellular transport of photoassimilates, as well as
phloem loading are inhibited at low temperature (Sowin´ski
et al. 2001, 2003; Bilska and Sowin´ski 2010). Further, it
has been proven using microarray technique (Trzcinska-
Danielewicz et al. 2009; Sobkowiak et al. 2014), that
among the hundreds of genes whose expression is altered
by cold, many were potentially involved in the transport of
photosynthetic products in the leaf including genes likely
involved in the regulation of the operation of plasmodes-
mata: TMV-MP30 binding protein and remorins (Ding
et al. 1992; Raffaele et al. 2009), as well as genes important
in the phloem loading process: sucrose transporters and
aquaporins as potential controllers of this process by the
regulation of water flow from xylem to phloem (Patrick
et al. 2001). However, for majority of maize genes data-
bases provide only ‘provisional’ or ‘putative’ annotations
without confirmed function through, for instance, local-
ization of transcripts. The aim of this work is to verify the
hypothesis that low temperature may cause changes in
expression of genes which function is precisely (with
confirmed localization) related to phloem loading process
as well as intercellular (symplasmic) transport. For this
purpose, in situ hybridization technique was used with
confirmation of gene expression changes by RT-qPCR.
Materials and methods
Plant material, growth condition and chilling-
treatment periods
For studies chilling-tolerant (CT) S68911 and chilling-
sensitive (CS) S160 maize lines (Z. mays spp. indentata,
dent) were used. Both lines represent dent kernel type and
come from the same gene pool (Stiff Stalk Synthetic).
Seeds were germinated in wet sand in darkness at 25 C.
Seedlings were transferred to hydroponic growth system
with Knop’s solution supplemented with Hoagland’s
micronutrients. Seedlings were grown in a growth chamber
using parameters: 14 h/10 h (light/darkness period), irra-
diance 250 lmol quanta m-2 s-1, temperature: 24 C/
22 C (day/night), 60–80 % humidity. When the third leaf
was fully developed, at the beginning of the light period,
plants were transferred to low temperature 14/12 or 8/6 C
(day/night) for either 4 or 28 h (for RT-qPCR) and 4 h (for
in situ hybridization). Non-chilled plants were used as
control. Each analysis was repeated three times in three
independent experiments.
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In situ hybridization
Studies were performed at the transmission electron
microscopic level to identify the vascular vein cells of a
relatively small size (thin-, thick-walled sieve tubes). The
material for electron microscopy was fixed according to a
standard procedure (PFA ? GA/PIPES) and was embed-
ded in acrylic resin LR-White (Sigma). The ultrathin sec-
tions (80–100 nm) were obtained using a Leica Ultracut
UTC ultramicrotome.
For labeling of probes DIG Oligonucleotide Tailing Kit,
2nd Generation (Roche Applied Science) was chosen,
where using terminal deoxynucleotidyl transferase (TdT)
and a mixture of nucleotides Dig-11-dUTP/dATP (1/10),
digoxigenin at the 30 end was attached. For detection DIG-
probes under electron microscope F(ab ‘) fragment of
Sheep-anti-digoxigenin antibody conjugated to 10-nm
colloidal gold (Aurion) was used. From 11 antisense DNA
oligonucleotide probes with a length of 22–30 nucleotides
six probes with confirmed localization were selected for
further analysis (Table 1). Probes corresponded to a part of
70-nt microarray probes from Maize Oligonucleotide Array
Project, Arizona (ftp.maizegdb.org/MaizeGDB/FTP/ari
zona_maize_arrays/; Trzcinska-Danielewicz et al. 2009).
Two negative controls were applied, in the first one, probe
in the sense orientation was used, and in the second one,
hybridization without antisense probe was performed. As a
positive control b-actin sequence as a probe was used.
To increase membrane permeability to the probe pene-
tration, the ultrathin sections were incubated for 1 min with
proteinase K (1 lg/ml). After the prehybridization step, the
sections were incubated overnight at 37 C in the
hybridization buffer with DIG-probes at concentration of
100 pmol/ml. Posthybridization washing, detection using
sheep-anti-digoxigenin antibody and staining were con-
ducted according to Smolin´ski et al. (2007). The observa-
tions were done using transmission electron microscope
(model JEM 1400; JEOL Co., Japan).
Quantitative real-time PCR
For RT-qPCR RNA isolation and purification RNeasy
Plant Mini Kit (Qiagen) was used according to the manu-
facturer’s protocol. A single sample consisted of three
pieces of leaf randomly taken. Leaves were homogenized
by grinding in liquid nitrogen using sterile mortar and
pestle. After isolation and purification of total RNA,
measurements of its quantity and quality were performed
using Nanodrop ND-1000 spectrophotometer (Nanodrop,
USA). Additional quality control was made by means of
agarose gel (2 %) electrophoresis with formaldehyde and
ethidium bromide. Reverse transcription reaction was
conducted using RevertAid first Strand Synthesis Kit
(Fermentas) according to manufacturer’s protocol. Primers
(Table 2) were designed using open access software from
PREMIER Biosoft International (NetPrimer: http://www.
premierbiosoft.com/netprimer) and Invitrogen (OligoPer-
fect Designer: http://tools.lifetechnologies.com/content.
cfm?pageid=9716). One of the primers from each pair had
a sequence corresponding to microarray probe sequence
from Maize Oligonucleotide Array Project, Arizona (ftp.
maizegdb.org/MaizeGDB/FTP/arizona_maize_arrays/;
Trzcinska-Danielewicz et al. 2009). On the basis of test of
three sequences: GAPDH, b-actin, ubiquitin and literature
data (Gomez-Anduro et al. 2011; Sekhon et al. 2011), as
reference sequence, ubiquitin (UBQ) was used. This
sequence was characterized by the constant expression in
all experimental variants. Real-time PCR was carried out in
a MyiQ2 (Bio-Rad) thermocycler using SYBR Green
JumpStart Taq Ready Mix (Sigma). On every plate three
replicates were performed for each sample and three for a
template-free control. The standard amplification protocol
for RT-qPCR has been described elsewhere (Trzcinska-
Danielewicz et al. 2009). The data was analyzed with iQ5
Optical System Software (Bio-Rad). The Ct value
(threshold cycle, the moment when a threshold fluores-
cence level is reached by the amplification product) was
determined for all the samples, and the relative expression
values were calculated using the method of Dussault and
Pouliot (2006), where the normalized difference between
Ct values is represented by the formula: DDCt =
[(CtGOI K - CtHKG K) - (CtGOI C - CtHKG C)], where:
CtG.O.I. and CtHK.G are the threshold cycles of the gene of
interest and the reference sequence (house-keeping gene),
respectively (K—control sample from non-chilled plants,
C—sample from chilled plants).
Results
For six of the eleven transcripts localization suggesting
connection with transport processes (phloem loading and
transport via plasmodesmata) was observed (Table 1). As
shown by in situ hybridization, transcripts related to
phloem loading process, i.e.: SUT2, SUT4, PPI1 and
aquaporin were localized in the companion cells and sieve
elements (Table 1; Fig. 1). Transcripts of sucrose trans-
porters SUT2 and SUT4 were localized mainly in the
cytoplasm of companion cells and thin-walled sieve tubes
(Table 1; Fig. 1 a-d). In addition, SUT2 transcript was
localized in thick-walled sieve tubes (Fig. 1a, b). The
transcripts of PPI1 and aquaporin showed a similar local-
ization as transcripts of sucrose transporters—the labeling
was mainly observed in the companion cells, thin-walled
sieve tubes and in vascular parenchyma cells (Table 1;
Fig. 1 e–h). Transcripts of plasmodesmata-related genes:
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remorin and TMV-MP30, were mainly localized in the
cytoplasm and the cortical ER of Kranz mesophyll and
bundle sheath cells (Table 1; Fig. 2a–d). In these cells, the
accumulation of gold particles often occurred in the
vicinity of pit-fields or near individual plasmodesmata
(Fig. 2a, c). In the case of TMV-MP30, clear accumulation
of gold particles in thin-walled sieve tubes was also noted
(data not shown).
Images obtained for the two types of negative controls—
in the variant where the hybridization with specific DIG-
probe was omitted and in the variant where the sense DIG-
probe was used confirmed the reliability of in situ
hybridization method—single grains of colloidal gold,
randomly arranged in maize cells were observed (Fig. 2e,
f). Similarly, the positive control where b-actin transcript
was used, successfully verified this method. The intensive
labeling of b-actin transcript in most types of maize cells
was observed (Fig. 2g).
The results of transcriptomic analysis by RT-qPCR
showed that the character of gene expression changes in
cold-treated plants of both, CT and CS maize lines was
similar (Fig. 3). However, in CS maize line, these changes
were more distinct (Fig. 3e–h). Generally, for genes related
to phloem loading process, sucrose transporters SUT2 and
SUT4 as well as, putative proton pump interactor (PPI1)
but not aquaporin, weak expression was observed (Fig. 3).
For aquaporin transcript, the repression was noted in the
case of both types of stress, with clear effect in CS maize
line (Fig. 3). Transcripts of plasmodesmata-related proteins
showed clear repression, especially in the leaves of CS
maize line, after prolonged period of chilling-treatment
(Fig. 3f, h).









Sucrose transporter SUT4 {Zea mays} CC, SE
MZ00026980
GRMZM2G087901








Aquaporin {Zea mays} ^|^GB|AAD28761.1|4741931|AF130975 plasma




NOD26-like membrane integral protein ZmNIP2-1 {Zea mays} Unclear
MZ00044333
GRMZM2G392975













TMV-MP30 binding protein 2C-like {Oryza sativa (japonica cultivar-group)}
^|^GB|BAD33965.1 |50726353 |AP005759
KMS, BS, VP, CC, SE
MZ00020362
GRMZM5G828581
Putative glucose-6-phosphate/phosphate-translocator {Oryza sativa
(japonica cultivar-group)} ^|^GB|AAG13577.1 |10140745|AC037425
Unclear
ID, probe identity; annotation, putative annotation from Maize Oligonucleotide Array Project; Arizona (ftp.maizegdb.org/MaizeGDB/FTP/
arizona_maize_arrays/); Six transcripts (shown in bold) with confirmed localization were used in further studies. In parentheses short names were
shown. KMS, Kranz mesophyll; BS, bundle sheath; VP, vascular parenchyma; CC, companion cells; SE, thin-walled sieve tubes; SET, thick-
walled sieve tubes
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Generally, the cold did not cause an alternation of
labeling intensity, what was partly confirmed by RT-qPCR
results. In the case of both sucrose transporters transcripts,
SUT2 and SUT4, no marked changes in the density of
labeling were observed (Fig. 1a–d). Similarly, the results
of PPI1 and aquaporin transcripts labeling showed no dif-
ference in density of colloidal gold particles, both within
CS maize line and between CS and CT maize lines
(Fig. 1e–h). However, for transcripts of plasmodesmata-
related proteins (remorin and TMV-MP30), the substantial
reduction in the density of labeling in cells of CS maize
line, particularly in the cytoplasm near the plasmodesmata
was noted (Fig. 2a–d).
Discussion
This paper attempts to determine the cellular localization
and changes in gene expression in response to low tem-
perature in two maize lines of different cold sensitivity.
The hypothesis about the effect of low temperature on
expression of genes connected with transport processes was
verified. In a first step, to find out which of the selected 11
transcripts are localized in cells/areas related to transport
processes (plasmodesmata, sieve elements) in situ
hybridization was performed in leaves of control (non-
chilled) plants. For six transcripts specific localization was
successfully confirmed (Table 1). Generally, transcripts
related to phloem loading process, sucrose transporters,
PPI1 and aquaporins were localized in companion cells and
thin-walled sieve tubes (Table 1; Fig. 1), while transcripts
of plasmodesmata-related proteins in Kranz mesophyll and
bundle sheath cells were mainly observed (Table 1;
Fig. 2a–d). The specific localization of transcripts (mainly
sucrose transporters) in sieve elements (Fig. 1) confirms
earlier assumption about putative transport of mRNA via
plasmodesmata into the phloem (Ku¨hn et al. 1997;
Xoconostle-Ca`zares 1999) and in case of maize, there is
the extensive plasmodesmal connection between
parenchymatic cells and sieve elements (Evert et al. 1978).
For instance, CmPP16 protein from Cucurbita maxima
determines the symplasmic transport of mRNA into sieve
elements (Xoconostle-Ca`zares 1999). In turn, the local-
ization of transcript (SUT2) within thick-walled sieve
elements (Fig. 1a, b) may indicate a more important role of
these cells than previously assumed. Evert et al. (1978)
supposed that these cells may participate in retrieval of
substances, which enter to apoplast in the transpiration
stream.
Among previously selected four transcripts of different
aquaporins, for one localization in phloem elements
(GRMZM2G178693) was successfully confirmed (Table 1;
Fig. 1g, h). This observation may prove their participation
in the phloem loading, which for most aquaporin forms are
not completely clear, although in maize, various types of
aquaporins are localized in different cells of plant tissues
and indirect part of these proteins in phloem loading, by
transporting water from xylem to sieve tubes has been
suggested (Chaumont et al. 2001).
Results of RT-qPCR showed that changes in the
expression of genes related to phloem loading were rela-
tively small and in most cases upregulation was observed
(Fig. 3). Only, in the case of prolonged period of chilling-
treatment, in CS maize line the weak repression of SUT2
was observed (Fig. 3f, h). It could be explained by the
mechanism, in which one transporter is not directly
involved in the sugar transport, but it works as a modulator
of the expression and activity of another carrier (Lalonde
et al. 1999). For instance, AtSUT2 transporter localized in
companion cells and sieve tubes in Arabidopsis thaliana
may be involved in the regulation of SUT1 and SUT4
transporters (Barker et al. 2000). It should be noted that
although SUT2 and SUT4 genes in maize are orthologues
of the Arabidopsis genes, they may perform other functions
in this species (Lalonde et al. 2004). However, the
repression of SUT2 transcription in plants of CS maize line
chilled for 28 h may explain the inhibition of phloem
loading (Sowin´ski 1995; Sowin´ski et al. 2001; Bilska and
Sowin´ski 2010), while the induction of SUT4 expression at
8 C is difficult to interpret due to the fact that phloem
loading process in maize is completely inhibited at tem-
perature less than 10 C (Sowin´ski et al. unpublished). It
was also possible that expression of sucrose transporters
depends on the current concentration of sucrose in cells
(Lalonde et al. 1999). In this scenario, low level of sucrose
in the cell is detected by intracellular receptor that activates
signaling leading to the induction of the expression of
Table 2 Primer sequences used in RT-qPCR













Ubiquitin (UBQ) Forward: GTGAGTCGTGACTGAGCTGGTT
Reverse: ATATGCGGTCGCACGATAGTT
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Fig. 1 In situ localization of transcripts related to phloem loading
process in control (non-chilled) and chilled leaves of chilling-tolerant
(CT) and chilling-sensitive (CS) maize lines. Localization of
transcripts of sucrose transporters: SUT2 in control (a) and chilled
(14 C) plants of CS maize line (b); SUT4 transcript in control (c) and
chilled (8 C) plants of CT maize line (d). Localization of transcripts
of proton pump interactor (PPI1) in control (e), and chilled (8 C)
plants (f) of CT maize line and aquaporin transcript in control (g) and
chilled (8 C) (h) plants of CS maize line. Arrows indicate a single
gold particles or clusters of gold grains. VP vascular parenchyma, CC
companion cell, SE thin-walled sieve tube, SET thick-walled sieve
tube. Scale bar 200 nm
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Fig. 2 In situ localization of transcripts of plasmodesmata-related
proteins in control (non-chilled) and chilled leaves of chilling-tolerant
(CT) and chilling-sensitive (CS) maize lines. Localization of remorin
transcript near PD at KMS/BS interface in control (a) and chilled
(14 C) plants (b) of CS maize line; TMV-MP30 transcript near PD at
KMS/BS interface and ER in control plants of CS maize line (c) and
in chilled (8 C) plants of CT maize line (d). Negative control, where
the hybridization with specific DIG-probe was omitted (e); negative
control with DIG-probe sense for TMV-MP30 transcript (f); positive
control with localization of b-actin transcript (g). Arrows indicate a
single gold particles or clusters of gold grains. KMS Kranz mesophyll,
BS bundle sheath, VP vascular parenchyma, CC companion cell, SE
thin-walled sieve tube, Pd plasmodesmata. Scale bar 200 nm
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genes associated with high affinity/low capacity carriers type,
which include, i.a., SUT1. Conversely, a high level of sugar
in the cell may cause repression of this type of transporter.
Also, at high concentration of sugars in the apoplast, the
induction of the low affinity/high capacity transporters type,
which include i.a. SUT4 (Weise et al. 2000), can increase the
efficiency of sucrose transport. In turn, the weak induction of
expression of PPI1 transcript in variants with short (4 h)
chilling-treatment in CS maize line (Fig. 3e, g) can be
interpreted in two ways. First, due to the fact that proton
pump interactor may be involved in the regulation of proton
pomp functioning (Turgeon 2006) it can show changes in the
expression depending on the activity of proton pump, inde-
pendently of the experimental conditions. On the other hand,
the clear induction of PPI1 expression in CS maize line after
short chilling-treatment may indicate a type of ‘first’ reaction
of plants to the relatively short-term stress.
Clear repression of aquaporin was observed in CS line,
after prolonged period of chilling-treatment at 14 C and in
both variants at 8 C (Fig. 3 f–h). Indeed, in this maize
line, phloem loading is inhibited after just one hour of
exposure to low temperature (14 C), but after a longer
period of cold-treatment these changes are more pro-
nounced (Bilska and Sowin´ski 2010). Thus, the possibility
that the inhibition of phloem loading is connected, at least
partially, with limitation of the water flow from xylem to
phloem cannot be excluded.
Changes in expression of plasmodesmata-related genes
were evident (Fig. 3), and are in line with earlier obser-
vation concerning closure of plasmodesmata at cold (Bil-
ska and Sowin´ski 2010). The pronounced repression of
remorin gene in CS line after 28-h of chilling-treatment
(Fig. 3f, h) was confirmed by decrease of the labeling
density (Fig. 2a, b). Previously, remorins have been
localized within the plasmodesmata in Solanum lycoper-
sicum (Raffaele et al. 2009). The authors indicated the
potential role of these proteins in the response to biotic
stress, more specifically—regulation of the transport effi-
ciency of potato virus X (PVX) via plasmodesmata.
Orthologues of maize remorin (GRMZM2G081949) in
Arabidopsis thaliana belong to remorin group 4
(AtREM4.1 and AtREM4.2) and they are highly regulated
by different abiotic and biotic stresses (Son et al. 2014). In
above studies, however, the induction of AtREMs was
observed under osmotic stress, abscisic acid (ABA) and in
senescing leaves.
In the case of second examined plasmodesmata-related
gene: TMV-MP30, the repression was noted in most vari-
ants for CS maize lines (Fig. 3f–h), which was confirmed
by in situ hybridization (Fig. 2c, d). Protein coded by this
gene is probably involved in the regulation of transport of
TMV virus by plasmodesmata (Ding et al. 1992; Kragler
et al. 2003; Wright et al. 2007; Sambade et al. 2008). The
observed changes in the gene expression and transcript
Fig. 3 Difference in the gene expression shown as DDCt (±SD)
between control and cold-treated plants of two maize lines: chilling-
tolerant (CT) and chilling-sensitive (CS) stressed for 4 and 28 h at 14
and 8 C temperature. Gene expression differences were estimated by
RT-qPCR with ubiquitin as a reference gene
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localization in maize plants under low temperature may be
indicative of the nonspecific reaction during activation of
defense mechanism typical for different types of stresses.
Conclusion
In this work, we investigated changes in maize gene (re-
lated to intercellular transport) expression in cold condition
with the confirmation of their subcellular localization.
Marked changes in the expression level of genes coding
plasmodesmata-related proteins: remorin and TMV-MP30,
which are involved in the regulation of virus transport
through plasmodesmata, may suggest non-specific reaction
to stress in the chilled maize plants. The localization of
sucrose transporter and aquaporin transcripts in companion
cells and thin-walled sieve tubes indicates the involvement
of these proteins in the phloem loading process. In addi-
tion, the localization of SUT2 transcripts in thick-walled
sieve tubes may indicate that both types of sieve tubes
(thin- and thick-walled) are involved in the transport of
photoassimilates. The assignment of the biological function
of thick-walled sieve tubes opens up new directions in this
research area.
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